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ABSTRACT
Advanced LIGO and Virgo detectors reported the first binary neutron star merger candidate in the third ob-
serving run, S190425z , on 25th April 2019. A weak γ-ray excess was reported nearly coincidentally by the
INTEGRAL satellite which accidentally covered the entire localization region of AdvLIGO/VIRGO. Electro-
magnetic follow-up in longer wavelengths so far has not lead to the detection of any associated counterparts.
Here we combine the available information from gravitational wave measurements and upper limits of fluence
from INTEGRAL to show that the observations are completely consistent with a relativistic Gaussian structured
jet and a typical short duration Gamma Ray Burst (GRB) being produced in the merger. Further we show that
the isotropic equivalent energy of the associated GRB if viewed on-axis would be Eiso ≤ 3× 1048 ergs at the
1σ level. This study demonstrates that even limited GW and EM information could be combined to produce
valuable insights about outflows from mergers. Future follow ups may help constrain the jet structure further,
especially if there is an orphan afterglow detection associated with the candidate.
1. INTRODUCTION
The joint detection of GW170817 (Abbott et al. 2017b)
and GRB170817A (Abbott et al. 2017a) established the long
standing hypothesis that short GRBs are powered by binary
neutron star (BNS) mergers (Narayan et al. 1992). However,
GRB170817A was several orders of magnitude fainter than
its cosmological counterparts (Goldstein et al. 2017b). This
led to a proposition that jets need not successfully emerge
from some, if not all, BNS mergers and the low-energy γ-
ray emission and the non-thermal afterglow could be the re-
sult of a sub-relativistic cocoon originating from the tidally
ejected merger debris (Kasliwal et al. 2017; Hallinan et al.
2017; Gottlieb et al. 2018). However, late VLBI observa-
tions of GRB170817A provided a strong evidence for the rel-
ativistic nature of the outflow (Mooley et al. 2018; Ghirlanda
et al. 2019). In addition, temporal evolution of broad-band
afterglow emission showed excellent agreement with emis-
sion from a relativistic jet with an angular structure in energy
and velocity (Margutti et al. 2018; Lazzati et al. 2017; Lyman
et al. 2018; D’Avanzo et al. 2018; Resmi et al. 2018; Lamb
et al. 2019). The low inferred energy of GRB170817A could
be successfully explained by structured relativistic jet models
(Kathirgamaraju et al. 2018; Resmi et al. 2018). Numerical
simulations of the relativistic jet piercing through the merger
ejecta have shown that it successfully emerges with an angular
structure (Xie et al. 2018; Kathirgamaraju et al. 2019; Geng
et al. 2019). Yet, the possibility of the γ-ray emission from
GRB170817A being intrinsically faint and resulting from a
cocoon shock break out can still be debated (Bromberg et al.
2018; Harrison et al. 2018).
Future multi-messenger observations of BNS mergers
would help us answer several open questions related to the
phenomenon which include: Do all the BNS mergers produce
relativistic jets and short GRBs similar to the cosmological
sample? If not what are the factors that determine the relative
fraction between the population which successfully launches
a jet and the one which does not? Ongoing and future observ-
ing runs of advanced LIGO and Virgo interferometers hence
play a central role in deeply understanding the phenomenon
of BNS mergers and short GRBs.
The third observing run of LIGO and Virgo gravitational
wave interferometers reported the first binary neutron star
merger candidate S190425z on 25th April 2019 (LIGO & Col-
laborations 2019b) by the real-time processing of the data us-
ing the GstLAL (Messick et al. 2017) and PyCBC Live (Nitz
et al. 2018) analysis pipelines. This candidate, which was co-
incident in the LIGO Livingston and Virgo interferometers,
has a false alarm Rate of 4.5× 10−13 Hz (about one in 105
years) from the online analysis and a probability of BNS to
be ≥ 99%. The preliminary estimate of the luminosity dis-
tance of to the source is 156±41 Mpc LIGO & Collaborations
(2019a). The 90% sky localization corresponds to 7641 Sq
degrees.
Unlike GW170817, the poor sky localization hampered
extensive electromagnetic follow up efforts of S190425z .
However, the INTErnational Gamma-Ray Astrophysics Lab-
oratory (INTEGRAL) serendipitously observed the entire lo-
calization region of the AdvLIGO/VIRGO simultaneous to
S190425z , and found a low signal-to-noise short duration
(∼ 1 s) excess 6 s after the merger (Martin-Carillo & et al.
2019). Since INTEGRAL can not provide a localization of this
excess, and since no other confident EM counterpart is discov-
ered till date, the spacial coincidence of the BNS merger and
the INTEGRAL source can not be firmly established. Never-
theless, as the entire localization region of AdvLIGO/VIRGO
is covered by the satellite, these observations to the least pro-
vide an upper limit to the fluence of any γ-ray signal associ-
ated with the merger. The GBM on board FERMI provided
flux upper limits for a part of the LIGO/VIRGO localiztaion
region (Fletcher & et al. 2019). Song et al. (2019) obtained
the constraints on the viewing angle of the jet from FERMI
observations to be between > 0.11 − 0.41 radians, assuming
the GW170817 jet to be quasi-universal. In this letter, we ask
whether the INTEGRAL observations of S190425z are con-
sistent with a relativistic jet associated with this BNS candi-
date. We combine two observational inputs: the luminosity
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Figure 1. [Left] Constraints on the DL − ι combination obtained from the observed properties of S190425z as reported in LIGO & Collaborations (2019a) [Right]
Constraints on the isotropic on-axis energy of the short-GRB associated with S190425z assuming a Gaussian structured jet. The grey shades indicates the prior
distribution which results from assuming uniform priors on log10(Eγ/erg) in the range of [44− 51] and on θc in [3,20] degrees. The orange curve results from
considering a fluence upper limit of 2× 10−7 erg/cm2 while the blue curve considers a detection of 1.6± 0.4 erg/cm2 as reported in (Minaev & et al. 2019).
Obviously, constraints on Eiso(0) can be obtained only at the higher end of the posterior in the upper limit case. Treating the low S/N excess as a detection, the
isotropic equivalent energy of an associated GRB, if viewed on-axis, is tightly constrained. In both cases, energetics of the possible GRB is within the range of
that of the cosmological SGRB population.
distance from gravitational waves and the INTEGRAL obser-
vations (considered both as upper limit and detection), along
with a Gaussian structured jet model parametrized by the en-
ergy, core angle, and bulk velocity. As there are no constraints
on the inclination angle ι (same as observer’s viewing angle
θv when the binary orbit is not precessing due to spins) of the
binary from the gravitational wave observations yet, we use a
simulated population of BNS mergers and use the luminosity
distance estimate from GWs together with some conservative
signal to noise ratio limits to obtain a 2 dimensional constraint
in the ι−DL plane (Saleem 2019) (see also (Schutz 2011; Seto
2015) for an analytical treatment of the problem).
Our results show that S190425z could have produced a suc-
cessful relativistic jet and the prompt gamma ray emission
could well have been missed due to relativistic de-boost.
We can derive moderate constraints on the on-axis isotropic
equivalent energy of the associated GRB to be E ≤ 3× 1048
ergs, while constraints on other parameters are weak. How-
ever, the conclusion that the presence of a structured jet is
completely consistent with the observations itself is interest-
ing and will help us in future to study the statistical properties
of BNS mergers with poor source localization.
The remainder of the paper is organized as follows. Sec. 2
details the input from gravitational wave observations which
goes in as prior information in the analysis of S190425z , re-
ported in Sec. 3, using structured jet model. Sec. 4 discusses
the implications of our findings.
2. CONSTRAINTS FROM LIGO-VIRGO OBSERVATIONS
Even before the discovery of GW170817, it has been ar-
gued that multi-messenger observations of binary neutron star
mergers - especially the measurement of luminosity distance
and inclination angle can have profound implications for the
modelling of the associated gamma ray burst jet (Arun et al.
2014; Saleem et al. 2018). This is because the jets in the case
of BNS mergers are very likely to be launched along the or-
bital angular momentum axis of the binary which hence re-
lates the inclination angle with the viewing angle of the jet.
The distance and inclination angle in the gravitational wave-
forms are strongly correlated as they both appear in the am-
plitude of the gravitational wave signal (Cutler & Flanagan
1994). Hence it is ideal to obtain the two dimensional con-
straints on them using the available information and then use
that to model the γ-ray emission.
We use the following information about the binary neu-
tron star candidate S190425z that are available from the
GCN (LIGO & Collaborations 2019b,a):
1. It has a probability > 99% of being a BNS merger.
2. It was observed by the network of LIGO Livingston
(L1) and Virgo (V1) detectors and since the signal to
noise ratio (SNR) at Virgo was below the threshold, the
candidate is considered as a single detector trigger.
3. The preliminary luminosity distance estimate is given
by DL = 155±41Mpc.
Using the above inputs, we obtain constraints on the two-
dimensional DL − ι space as follows. We simulate a popu-
lation of BNS mergers uniformly distributed in the comoving
volume with cos ι of the binaries being distributed uniformly
between -1 and 1. The NS masses are uniformly distributed
between 1-2M. We then compute optimal signal to noise ra-
tio for each one of them using the restricted post-Newtonian
waveform (Cutler & Flanagan 1994). Since the SNRs for L1
and V1 detectors are not available, we assumed SNR > 8 in
Livingston and SNR < 4 in Virgo as conservative lower and
upper limits, respectively. To compute the SNRs in L1 and
V1, we used the best reported O2 sensitivities (Abbott et al.
2018) of L1 and V1 as their representative (conservative) O3
sensitivities (see Saleem (2019) for more details). From this,
we extract a sub-population of mergers for which the luminos-
ity distance distribution follows a Gaussian distribution con-
sistent with (LIGO & Collaborations 2019a). The 2D distri-
bution of DL − ι of this sub-population is shown in the left
hand panel of Fig. 1 which we use as the prior for studying
the prompt emission from a short gamma ray burst associated
with S190425z .
3. CONSTRAINING THE JET PROPERTIES
In this section, we examine whether the INTEGRAL obser-
vations are consistent with the BNS merger launching a struc-
tured relativistic jet similar to what is seen in GRB170817A
3(Lamb & Kobayashi 2017; Resmi et al. 2018; Lamb et al.
2019).
Martin-Carillo & et al. (2019) has reported a marginal (3.7
sigma) excess in INTEGRAL SPI-ACS counts temporally co-
incident (+6 s) with the GW trigger. Such a delay can be
accounted within different models of jet ejection and γ-ray
emission (Zhang et al. 2018), hence it can very likely be
associated with the BNS merger candidate. However, we
treated this observation as two different possibilities. First,
we considered the fluence reported in Minaev & et al. (2019),
(1.6± 0.4)× 10−7erg/cm2 as a detection of the associated
short GRB. However, since this is a low confidence signal,
and also since its spatial coincidence to the BNS merger can
not be established, we considered 2× 10−7erg/cm2 as a con-
servative 3σ upper limit to the GRB fluence. For a ∼ 1 s du-
ration signal, this number is also consistent with the position
dependent sensitivity map for the duration of the GW candi-
date released by the INTEGRAL collaboration (Savchenko
& et al. 2019), where the fluence sensitivity ranges from
(1.5− 6)× 10−7erg/cm2/s. Since the FERMI GBM has only
seen about 55 percent of the LIGO error circle (Fletcher &
et al. 2019), we consider INTEGRAL observations in the rest
of this paper.
Next, we computed the expected fluence from an under-
lying relativistic jet. The jet velocity (β) and energy have
a Gaussian angular structure. The bulk Lorentz factor (Γ)
distribution across the polar angle θ is given by Γβ(θ) =
Γ0β0 exp −θ
2
2θ2c
, where θc is the jet structure parameter which de-
termines the core of the structured jet. The normalized energy
profile function is given by (θ) ∝ exp −θ2
θ2c
, with the normal-
ization constant estimated by 2pi
∫
d(cosθ)(θ) = 1.
Following the framework developed by Donaghy (2006),
the isotropic equivalent energy measured by an observer at a
viewing angle θv is,
Eiso(θv) =
Eiso(0)
4pi(1− cos(θc)
∫
dΩ
(θ)
Γ(θ)4 [1−β(θ)cosθv]3
, (1)
where Eiso(0) is the isotropic equivalent energy measured
by an observer on the axis of the jet. This equation is also
in agreement with that of Salafia et al. (2015) derived in a
different way. For more details, see Donaghy (2006); Mohan
et al. (2019). We numerically integrate equation-1 to estimate
the fluence measured from the structured jet by an off-axis
observer as Eiso(θv)/4pid2L.
In order to better understand the constraints on a possible
structured Gaussian jet, we ran a Monte-Carlo simulation with
105 realizations of the jet and compared the model fluence
with what is observed by INTEGRAL. Eγ , the energy in the
rest frame of the progenitor, which is Eiso(0)(1− cosθc) is one
of the basic parameters of the jet. We used a uniform distribu-
tion in log space, ranging from 44 < log10(Eγ/erg)) < 51 for
Eγ . A uniform prior of 3◦ < θc < 20◦ is considered for the
jet core angle. With these values, we were able to cover the
entire range of Eiso(0) values observed for typical cosmolog-
ical short GRBs (Zhang et al. 2009; D’Avanzo et al. 2014),
and also extend the prior to much lower values if an intrinsi-
cally low energy burst is to arise from the merger. We used a
wide uniform prior for the bulk Lorentz factor at the jet axis
5< Γ0 < 500. This was done particularly because constraints
on the initial bulk Lorentz factor from GRB170817A is very
weak (Troja et al. 2018; Resmi et al. 2018), and we do not
have a good prior information on the kind of outflows arising
from BNS mergers. The DL − ι distribution computed in the
previous section is substituted as the prior for DL and θv. We
extracted marginalized posterior distributions for θc,Γ0,θv,
and Eγ which later we converted to the posterior of Eiso(0).
We find that the INTEGRAL fluence provides a good con-
straint to the energy of the Gamma Ray Burst. The isotropic
equivalent energies of cosmological short GRBs detected by
FERMI GBM and SWIFT BAT ranges from 1048 to 1053 ergs
(Zhang et al. 2009). Our analysis shows that, had the ob-
server been along the axis of the jet, a typical short GRB
could have been detected along with S190425z (see figure-1,
right panel). When considered as a detection, Eiso(0) is tightly
constrained to be between (4.74× 1047 − 2.21× 1051) ergs
(blue curve in the right panel of figure-1). On the other
hand, when considered as an upper limit, the posterior (or-
ange curve) indicates that Eiso(0) ≤ 3×1048 ergs at 1σ level,
broadly in agreement with the range observed for standard
cosmological short GRBs. The lower end of the posterior in
this case is not constrained (as expected in the absence of a
detection) and hence simply follows the prior on Eiso(0) (see
figure-1, right, shaded grey). Equivalent to the constraints
above, we also obtain the 1σ bounds the posterior of Eγ to
be (2.98× 1046 ≤ Eγ ≤ 2.63× 1049) ergs for detection and
Eγ ≤ 6.57× 1046 ergs for the upper limit. We recall that our
conclusion is sensitive to deeper limits from INTEGRAL as
well as the refined GW posteriors on DL − ι.
The γ-ray observations can not provide any useful con-
straints to the jet core angle or its initial bulk Lorentz factor.
Taken either as upper limit or as a detection, the INTEGRAL
fluence is consistent with the expected emission from a rela-
tivistic jet.
4. DISCUSSION AND CONCLUSIONS
One of the important open questions from the observations
of the first BNS merger GW170817 was whether the gamma
ray emission from GRB170817A is powered by a relativistic
jet, and whether this burst is one among the population of
cosmological short GRBs. The absence of a strong gamma
ray burst associated with S190425z , the second BNS merger
candidate by LIGO/VIRGO, increased the importance of this
question.
While the evolution of the broad-band afterglow and proper
motion of the radio afterglow of GRB170817A confirm the
presence of a relativistic jet, the low energetic γ-ray signal
could still be argued to be different from cosmological short
GRBs. If so, a novel class of low luminosity gamma ray tran-
sients will be seen associated with BNS mergers. Therefore,
it is important to understand whether jets are associated with
BNS mergers, and if so to obtain reliable constraints on their
energetics.
In this analysis, we have shown that electromagnetic ob-
servations of S190425z is consistent with the launch of a rel-
ativistic jet typical to that of short duration GRBs. We see
that a structured jet with Gaussian profile at the distance of
S190425z is well consistent with the INTEGRAL sensitivity
limits. The inferred posterior of the isotropic equivalent en-
ergy for an on-axis observer is in agreement with that of typi-
cal short GRBs. Even when we take the conservative view that
INTEGRAL observations yielded only an upper limit, thereby
allowing even low energy explosions to remain consistent, the
1σ posterior results in Eiso(0) ≤ 3× 1048 erg. This indicates
that one need not invoke a intrinsically low energy GRB or
shock breakout to explain the absence of a strong γ-ray signal
4above INTEGRAL limits.
Our conclusions are sensitive to future deeper upper limits
from INTEGRAL. Future multi-messenger observations of Bi-
nary NS mergers in AdvLIGO/VIRGO 3rd observing run will
certainly provide further valuable insights into the physics of
these mergers and Gamma Ray Bursts.
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